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A B S T R A C T
Scallops and their potential predators were collected in Sechura Bay and in front of the Illescas Reserved Zone
(north Peru), during El Niño-Southern Oscillation (ENSO) 2016, and analyzed for the metals chromium (Cr),
manganese (Mn), iron (Fe), nickel (Ni), copper (Cu), zinc (Zn), arsenic (As), cadmium (Cd) and lead (Pb). This
study showed that ~20% of the molluscs exceeded the maximum residual levels (MRLs) for human consumption
in inorganic As, while ~30% of the crustaceans did. For Cd, around 10% and 40% of the molluscs and the
crustaceans were above the MRLs, respectively. The cephalopod Octopus mimus exhibited As concentrations, but
not Cd concentrations, that exceeded the MRLs. Cr, Ni, Cu, Zn and Pb in muscle exhibited generally con-
centrations below the MRLs. Integrated risk indices were estimated to determine if there is a health risk for
consumption. Target hazard quotients (THQs) and total hazard indices (HIs) were mostly< 1, implying no
human health risk. Provisional tolerable weekly intake (PTWI) for Cd was exceeded in Bursa ventricosa at Illescas
Reserved Zone. Target cancer risks (TRs) for inorganic As were always higher than the threshold (1× 10−6),
therefore an actual cancer risk is present.
1. Introduction
The north of Peru is considered as the centre of intensive scallop
Argopecten purpuratus aquaculture. Since 2003 productions have con-
siderably increased up to 168 million US$ export per year (Kluger et al.,
2016; Mendo et al., 2016). Sechura Bay is the main ecosystem for A.
purpuratus intensive cultures (~ 80% of the total production), while “La
Ensenada de Nonura” in front of Illescas Reserved Zone (IRZ) has an
important contribution in the production in the North. Lately, this ac-
tivity has been aﬀected by numerous natural (i.e. ENSO) and anthro-
pogenic factors (i.e. industrial activities). Production has decreased,
and sanitary problems are currently in evaluation by institutions such
as Organismo Nacional de Sanidad Pesquera (SANIPES) and EU, among
others (SANIPES, 2017). It is noteworthy to mention that the “Health
Risk Assessment in Production Areas of Bivalve Mollusks” had to be
conducted by SANIPES in the recent years due to high concentrations of
pollutants found in Sechura Bay. Moreover, as mentioned by Loaiza
et al. (2015), only a semi-annual evaluation of metal concentrations is
considered for scallop aquaculture by the Peruvian government, and
measurements are only performed on A. purpuratus. In some cases water
is also included in the evaluations. Therefore there is a lack of
information on metal concentrations in water, sediment, A. purpuratus’
predators and other ﬁlter-feeding species associated to the scallop
aquaculture and in nearby areas.
Samples of adductor muscle and gonad from A. purpuratus – Sechura
Bay were analyzed for Cd and Pb in 2009, and surprisingly Cd con-
centrations (1.04 – 1.33 ppm) exceeded the MRLs, all samples were
higher than 1 ppm (wwt.) (Loaiza et al., 2009, unpublished results).
One of the few studies about metal contamination in Peru was per-
formed by Marín and García (2016). They determined Cd in Peruvian
commercial species such as Litopenaeus vannamei, A. purpuratus, Semele
sp, Aulacomya atra, among others, concluding that half of the species
exhibited higher concentrations than the MRLs, and therefore their
consumption can pose a potential health risk. No more information is
available but there is an actual concern about sanitary problems in
public and private authorities, as well as in certain populations of Peru.
Shellﬁsh species such as octopus (Octopus mimus), crabs (Romaleon
setosum and Hepatus chilensis), snails (Bursa ventricosa and Cymatium sp.)
are potential predators of A. purpuratus, and are thus associated to the
A. purpuratus culture (Mendo et al., 2016). Shellﬁsh organisms are
considered as exoskeleton-bearing aquatic invertebrate which are ed-
ible, this term is more frequently used in the ﬁeld of ﬁsheries and
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aquaculture (Adams, 1993; EC, 2018). These species are also highly
commercialized for local consumption, either by local ﬁshermen and/or
coastal people from Sechura Bay and nearby locations. Therefore, it is
urgently necessary to know the potential health risks due to their
consumption. In the proximity of the southern Sechura Bay, including
areas to IRZ harbour, anthropogenic and industrial activities such as
phosphate factories, the Norperuano oil pipeline, oil platforms, ﬁshery
factories, artisanal ports and the industrial JPQ port are present, while
in the northern part of the bay, ﬁshery factories, artisanal ports and
ﬁshing activities are conducted. Additionally, intensive scallop mar-
iculture and artisanal ﬁshing activities are performed along the Sechura
Bay and in front of IRZ (IMARPE, 2007; Loaiza et al., 2015). All these
activities are stressors and might cause impacts on the marine ecosys-
tems (Loaiza et al., 2015). It is worth noting that the Reserved Zone of
Illescas is restricted to the land and the intertidal area, therefore mar-
itime and human activities (incl. ﬁsheries) are normally performed at
sea (MINAM, 2010). The Servicio Nacional de Áreas Naturales Prote-
gidas (SERNANP) is in continuous control on land, but their vigilance of
the sea part is limited to the observation and monitoring from land
(ACQUAPISCO, SERNANP, pers. commun).
Fresh and brackish-water discharges from rivers/estuaries also im-
pact the actual health conditions of Sechura Bay. The southern part of
Sechura Bay is inﬂuenced by major fresh and brackish water input
along the coast of Peru, from the mouth of Virrila Estuary (INRENA,
2005). On the other hand, Sechura River and San Pedro Mangrove lo-
cated at northern Bay are minor contributors, although they become
more important during prolonged and intense raining seasons and
during “El Niño” (Mendo et al., 2016). These discharges normally come
with higher concentrations of organic and inorganic pollutants, with
metals as common components in these riverine inputs (Diop et al.,
2016; Forrest et al., 2007; Kehrig et al., 2013).
Metals are characterised as essential (Mn, Fe, Cu, Zn) and non-es-
sential (Cr, Ni, As, Cd and Pb) depending on their speciﬁc functions at
cellular, enzymatic and protein levels. Elements carrying out funda-
mental biological functions that are necessary for growth and devel-
opment in all organisms (from bacteria to humans) are considered as
essential, while elements such as As and Cd that do not have any
functionality for living organisms, are considered as non-essential.
Essential metals are also termed micronutrients when they are present
in traces, but they can be toxic when their concentration increases
above certain threshold, while non-essential metals are toxic in
minimum concentrations (Grosell et al., 2007; Peña et al., 1999)
Food is the major source of Cd and Pb for humans. As non-essential
element, Cd can cause toxic eﬀects in kidney function and in bones,
while Pb has been identiﬁed as a toxic element that leads to develop-
mental neurotoxicity in young children and to cardiovascular eﬀects
and nephrotoxicity in adults (EFSA, 2010, 2011; Loaiza et al., 2015). As
is a metalloid that occurs naturally or by anthropogenic impact in the
environment. The exposure of humans to inorganic As by inhalation
and ingestion causes lung, skin, bladder, and liver cancer. Food is also
the most important route for As uptake in humans (JECFA, 2010; US
EPA, 2012). On the other hand, an essential metal such as Cu is linked
to physical and psychiatric disorders when exposure exceeds certain
limits (Blanchard and Grosell, 2005).
Therefore, the aims of this study were: 1) to determine trace metal
concentrations in six edible shellﬁsh species from Sechura Bay and front
IRZ; 2) to compare metal concentrations and estimated risk indices with
reference values from diﬀerent agencies; and 3) to identify spatial and
Fig. 1. Location of the sampling areas at Sechura Bay and front Illescas Reserved Zone. Southern (SL) and Northern (NL) location in Sechura Bay; and one location in
front of the Illescas Reserved Zone (IRZ) are showed as dashed black circles.
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seasonal variations in metal accumulation and risk indices from the six
tested seafood products.
2. Materials and methods
2.1. Sampling procedure
A total of 215 shellﬁsh specimens of 6 diﬀerent species i.e. octopus
(Octopus mimus), crabs (Romaleon setosum and Hepatus chilensis), snails
(Bursa ventricosa and Cymatium sp.) and Peruvian scallop (Argopecten
purpuratus) were collected in Sechura Bay and in front of the Illescas
Reserved Zone (IRZ) in January-March 2016. These species are con-
sidered as edible species in Peru, with the exception of the crab H.
chilensis that is consumed and commercialized only in Chile (WWF
Chile, 2003). Sechura Bay and IRZ are located along the northern coast
of Peru, Piura Region. Samples were collected at three locations:
southern (SL) and northern (NL) location in Sechura Bay; and in one
location in front of IRZ. The locations were sampled during a low-
raining (1) period (January): SL1, NL1, IRZ1 and a high-raining (2)
period (March): SL2, NL2, IRZ2 during ENSO, with the exception of the
NL that was sampled for A. purpuratus during the transplanted culture
in February (see Fig. 1 and Table 1).
Shellﬁsh were collected by hand while semi-autonomous diving
(except for octopus which was caught with a hook) in each location.
The average depth of the sampling sites was 14 ± 6m. In case of A.
purpuratus, they were collected with the permission of ACQUAPISCO SA
(SL and NL) and NEMO CORPORATION SA (IRZ). A rapid measurement
and weighting were performed in order to have the same size class and
weight (octopus) for each species. Organisms were kept alive by
changing the seawater each 10–20min, then dissected and preserved
frozen at −20 °C. For each specimen, muscle or edible tissue was
carefully separated from the other tissues, subsequently cleaned and
weighted for later metal analysis (Table 1).
2.2. Metal analysis
After thawing the tissues at room temperature, they were dried for
at least 72 h at 60 °C. Thereafter, the dried tissues of ~ 0.2 gr were
weighed and digested overnight with 2–2.5ml of highly puriﬁed con-
centrated 69% HNO3. The next day, they were heated to 110 °C during
30min in a Hot-block (SC154-54-Well HotBlock™) digester, and after
cooling 0.25ml of H2O2 was added to remove any debris from the di-
gests, after which the samples were heated again during 30min to
complete the total digestion at 110 °C. The digested samples were di-
luted 10 times with Milli-Q grade for the metal analysis (Cr, Mn, Fe, Ni,
Cu, Zn, As, Cd and Pb) by using inductively coupled plasma mass
spectrometry (ICP-MS) and high resolution inductively coupled plasma
mass spectrometer (HR-ICP-MS) (Hargitai et al., 2016).
The quality control was performed by the analysis of standard re-
ference material (SRM) for mussel tissues (2976, National Institute of
Standards and Technology, NIST), which was treated and analyzed in
the same way as the samples to test the applied analytical procedure
accuracy. The obtained results indicated a stable measurement process
and accurate data. The recovery ranges for the mussel tissue were
94.0–127% (n=70) for all metals. The limit of quantiﬁcation (μg/L)
was 0.1 for Cr, Mn, Ni, Cu, As, Cd and Pb, and 5 for Fe and Zn in ICP-
Table 1
Sampling periods, locations, geographical coordinates (S, W), sex, sample number (n), total length and total weight (mean ± S.E) of shellﬁsh species from Sechura
Bay and front Illescas Reserved Zone. Total length (Molluscans – shell length; Crustaceans – cephalothorax width; Cephalopods - mantle length).
Sampling period Location Longitude (S) Latitude (W) Species Sex n Size Weight
Total length (cm) Total weight (g)
Low-raining season (January) Illescas Reserved Zone (IRZ1) 05°49'06.7'' 81°05'24.6'' Octopus mimus ♂ 6 30.3 ± 1.56 264 ± 29.3
♀ 4 35.5 ± 1.66 393 ± 41.5
Romaleon setosum ♂ 7 8.24 ± 0.23 329 ± 20.7
Bursa ventricosa .. 6 4.88 ± 0.16 0.30 ± 0.02
Argopecten purpuratus .. 6 4.95 ± 0.12 18.9 ± 1.54
Southern location (SL1) 05°43'58.2'' 80°54'17.8'' Romaleon setosum ♂ 5 8.99 ± 0.29 411 ± 61.4
♀ 5 7.75 ± 0.18 220 ± 19.4
♀ (ovi) 9 7.18 ± 0.16 228 ± 18.1
Hepatus chilensis ♀ 3 5.83 ± 0.45 41.4 ± 7.25
♀ (ovi) 6 6.16 ± 0.20 48.4 ± 4.31
Bursa ventricosa .. 6 5.72 ± 0.07 29.6 ± 1.96
Argopecten purpuratus .. 6 5.19 ± 0.07 23.2 ± 0.97
Northern location (NL1) 05°31'27.6'' 80°56'04.2'' Bursa ventricosa .. 6 5.18 ± 0.15 20.5 ± 1.69
Cymatium sp. .. 6 7.44 ± 0.22 37.7 ± 3.24
Argopecten purpuratus .. 6 5.99 ± 0.11 38.0 ± 4.35
Transplanted culture Northern location (NL1) 05°31'27.6'' 080°56'04.2'' Argopecten purpuratus* .. 6 4.75 ± 0.06 21.1 ± 0.99
Sampling (February)
High-raining season (March) Illescas Reserved Zone (IRZ2) 05°49'06.7'' 81°05'24.6'' Octopus mimus ♂ 7 48.6 ± 3.97 451± 92.9
♀ 6 48.7 ± 2.29 492 ± 75.7
Hepatus chilensis ♂ 6 6.08 ± 0.53 49.3 ± 10.9
♀ 6 6.47 ± 0.15 56.9 ± 4.70
♀ (ovi) 6 6.37 ± 0.13 56.6 ± 4.54
Bursa ventricosa .. 6 5.23 ± 0.20 22.6 ± 1.91
Cymatium sp. .. 6 7.88 ± 0.15 62.5 ± 2.86
Argopecten purpuratus .. 6 5.22 ± 0.18 22.6 ± 1.92
Southern location (SL2) 05°43'58.2'' 80°54'17.8'' Octopus mimus ♂ 6 33.8 ± 1.51 317 ± 27.9
♀ 6 34.4 ± 0.96 275 ± 33.5
Romaleon setosum .. 4 7.20 ± 0.39 233 ± 30.5
Hepatus chilensis ♀ 8 4.31 ± 0.16 43.3 ± 4.55
Bursa ventricosa .. 6 5.61 ± 0.24 28.4 ± 2.57
Cymatium sp. .. 12 8.88 ± 0.29 84.7 ± 8.40
Argopecten purpuratus .. 6 5.28 ± 0.02 25.0 ± 0.94
Northern location (NL2) 05°31'27.6'' 80°56'04.2'' Bursa ventricosa .. 6 5.03 ± 0.23 22.3 ± 2.12
Cymatium sp. .. 7 5.92 ± 0.53 30.1 ± 12.0
Argopecten purpuratus .. 6 6.55 ± 0.08 48.8 ± 3.79
Transplanted culture Northern location (NL2) 05°31'27.6'' 080°56'04.2'' Argopecten purpuratus* .. 6 4.80 ± 0.12 21.0 ± 1.52
Sampling (March)
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MS, and 0.001 for all metals in HR-ICP-MS. All metal concentrations
were calculated on a wet weight basis (μg g−1 wwt.). Only for A. pur-
puratus, the edible tissue was considered as adductor muscle+ gonad,
which is the usual seafood product for consumption and trade in Peru.
2.3. Risk assessment
The minimum (MIL), average (AVL) and maximum (MAL) muscle
(inc. edible tissue for A. purpuratus) metal levels (μg g−1 wwt) were
considered for direct comparison with seafood safety guidelines based
on maximum residual levels (MRLs) for human consumption set by the
Organismo Nacional de Sanidad Pesquera (SANIPES), European Union
(EU), US Food and Drug Administration (FDA), Codex Alimentarius
from World Health Organization (WHO) and Food and Agriculture
Organization of the United Nations (FAO). Another agency such as CFS-
HONG-KONG was also used for comparison (WHO/FAO, 1995; EU,
2006; FDA, 2007; CFS-HONG KONG, 2016). It is worth to mention that
Peruvian national regulations dictated by SANIPES are entirely based
on European Union (EU) guidelines (SANIPES, 2017). These MIL, AVL,
MAL were also considered to determine six diﬀerent health risk as-
sessments in the present study.
1) The estimated daily intake (EDI) was calculated in order to evaluate
a possible alert for adverse health eﬀects that may be caused by an
individual metal. It depends on both the muscle or edible tissue
levels and the amounts consumed (US EPA, 2000). The frequency of
seafood consumption for Peruvians was estimated from the Food
Balance Sheets of the Food Administration Organization (FAO)
(FAO, 2016).
=EDI (C x IR)/bw
where C represents the element level in shellﬁsh (μg g−1 wwt.), IR
the daily ingestion rate (g/day) of shellﬁsh and bw the body weight
(60 kg).
The ingestion rate (IR) for Peruvian people was estimated to be
approximately 13.9 g/person/day for mollusks, 2.8 g/person/day
for crustaceans and 0.8 g/person/day for cephalopods (FAO, 2016).
It was assumed that the ingested dose is identical to the absorbed
contaminant dose and that cooking has no eﬀect on the metal
(Cooper et al., 1991). The metal sources supplied by other meals or
by drinking water on the same day were not taken into account, only
the metal intake coming from diﬀerent seafood meals (e.g. scallop,
snail, crab and/or octopus) were considered (Metian et al., 2008a).
2) Weekly intakes (μg/week) of MIL, AVL, MAL were calculated for
Peruvian consumers in order to compare these intakes with pre-
scribed Provisional Tolerance Weekly Intakes (PTWIs) for Cr, Mn,
Fe, Ni, Cu, Zn, As, Cd and Pb, established by Joint FAO/WHO Expert
Committee on Food Additives (JECFA).
The risk for human health as a result of shellﬁsh consumption was
evaluated by calculating the percentage of the obtained weekly
metal intake (μg/week) in comparison with the prescribed PTWI for
each metal. The PTWI is deﬁned as the estimated amount of a
substance in food or drinking water, expressed on a body weight
(bw) basis (mg/kg bw), that can be ingested weekly over a lifetime
without appreciable health risk (Yap et al., 2016). JECFA (2011)
established PTWI limits (in terms of μg/week for 60 kg person) for
Fe, Ni, Cu, Zn, As (only inorganic) and Cd as 33,600, 2100, 210,000,
126,000, 840 and 150 µg/week, respectively. It is noteworthy to
mention that 10% of the total As was used to calculate inorganic As,
and the lowest limit of 2 µg/kg bw per day was considered for in-
organic As, because the 15 μg/kg bw limit has been withdrawn in
2011 (Bogdanović et al., 2014; Zhao et al., 2016).
For Pb, the Panel on Contaminants in the Food Chain (CONTAM) of
the European Food Safety Authority (EFSA) concluded that the
previously used PTWI of 25 μg/week/kg bw for Pb is no longer
appropriate since there is no evidence for a threshold for critical Pb-
induced eﬀects and it was not suﬃciently protective (JECFA, 2011)
Therefore, three PTWI1,2,3 values for Pb derived from blood Pb le-
vels (BMDL) in μg/L (corresponding dietary intake values in μg/kg
b.w. per day) were considered: a) BMDL10, 15 µg/day (0.63 μg/kg
b.w. per day), which is equivalent to a PTWI1 of 265 μg/week and
expected to have eﬀects on the prevalence of chronic renal/kidney
diseases (nephrotoxic eﬀects) in adults; b) BMDL01, 36 µg/day
(1.50 μg/kg b.w. per day), which is equivalent to a PTWI2 of 630 μg/
week and induces eﬀects on systolic blood pressure (cardiovascular
eﬀects) in adults; and c) BMDL01, 12 µg/day (0.50 μg/kg b.w. per
day), which is equivalent to a PTWI3 of 210 μg/week and induces
developmental neurotoxicity (neuro-developmental eﬀects) on the
central nervous system in children (EFSA, 2010). PTWI values for Cr
and Mn have not been established by the JECFA (JECFA, 2016).
3) The amount of shellﬁsh muscle (weight) that needs to be consumed
per week by a 50 (women) and 70 (men) kg person in order to reach
the prescribed PTWI for each metal. It was estimated based on
person weight (kg), metal concentration (µg/g) and PTWI (µg/
week) per metal.
4) Target cancer risk (TR) and 5) target hazard quotients (THQ) were
determined by using the US EPA Regional screening level (RSL)
table and Integrated Risk Information System (IRIS) (Cooper et al.,
1991; US EPA, 2016a; US EPA, 2016b). For carcinogenic eﬀects (Cr,
Ni, inorganic As and Pb), the risk is expressed as TR, and for non-
carcinogenic eﬀects (Cr, Mn, Fe, Ni, Cu, Zn, Cd and Pb) as THQ. As
precautionary approach, carcinogenic eﬀects were also estimated
for the non-essential metals Cr, Ni and Pb as CPSo values are known
and available in IRIS (Ahmed et al., 2015; Nkpaa et al., 2017):
= −TR [(Efr x ED x IR x C x CPSo/BWa x Atc)] x 10tot 3
= −CTHQ [(Efr x ED x IR x /RfDo x BWa x Atn)] x 10tot 3
where
Efr: exposure frequency (365 d/year);
EDtot: exposure duration, total (70 years);
IR: daily ingestion rate (g/day);
C: metal concentration in the edible portion of shellﬁsh (μg/g);
CPSo: oral carcinogenic potency slope (risk per mg/kg/day) of Cr
(0.5), Ni (1.5), inorganic As (1.5) and Pb (8.5×10−3);
BWa: body weight, adult (60 kg);
ATc: average time carcinogens (70 years x 365 d/year).
RfDo: oral reference dose (μg/g/d), RfDo for Cr (0.003), Mn (0.14),
Fe (0.7), Ni (0.02), Cu (0.04), Zn (0.3), inorganic As (0.0003) and Cd
(0.001);
ATn: average time noncarcinogens (EDtot x 365 d/year)
The European Protection Agency (EPA) has declined to set a RfDo
for Pb because it found no evidence of a threshold below which a non-
harmful intake could be allowed (US EPA, 2004). Therefore, the THQ
for Pb was calculated using the following equation (Liu et al., 2009):
= CTHQ /MRL
C: metal concentration in the edible portion of shellﬁsh (μg/g); MRL
(Maximum Residue Level): the limit set by the Oﬃcial Journal of the
European Union (EU), Commission Regulation (EC) no 1881/2006,
FDA and Codex Alimentarius WHO/FAO.
Total Cr was not available in the IRIS and RSL table; however, the
US EPA assumed that the ratio of Cr (VI) to total Cr was 1:7, and gave a
RfD for Cr (VI) of 0.003 μg/g/d. Thus, Cr data were divided by 7 to
estimate the THQ for Cr (Tu et al., 2010).
6) A total hazard index (HI) was calculated by summing all THQs for
a particular location and time:
∑=
=
HI THQ
i 0
n i
where
THQi: targeted hazard quotient of an individual metal; HI: total
hazard index for all metals (Cr, Mn, Fe, Ni, Cu, Zn, Cd and Pb) analyzed
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in this study or the total metal load and n was 8, except for A. purpuratus
with n=6 (Mn, Fe, Cu, Zn, Cd and Pb).
If the THQ or HI is< 1, there is no health risk for consumption. On
the other hand, an exposed population of concern will experience
health risks if the THQ or HI is> 1. For TR, a cancer risk could be
posed if the TR levels are> 1×10−6 (Bogdanović et al., 2014; Tu
et al., 2010).
3. Results and discussion
For As, concentrations (µg g−1 wwt) in muscle or edible tissue were
compared to MRLs from CFS-HONG KONG and FDA and divided into
two groups of species, molluscan shellﬁsh and crustacean. In this study,
O. mimus, B. ventricosa, Cymatium sp. and A. purpuratus are considered
in the molluscan shellﬁsh group, while R. setosum and H. chilensis be-
long to the crustacean group. For molluscan shellﬁsh, MRL1 of 10 (CFS-
HONG KONG) and MRL2 of 86 (FDA) µg g−1 wwt were considered, and
for crustacean a MRL1 of 10 (CFS-HONG KONG) and MRL2 of 76 (FDA)
µg g−1 wwt (Fig. 2A and B). By using both MRLs, around the 20% of the
molluscs exceeded the MRL1 for As, and when considering the
86 µg g−1 wwt of FDA, only 4 B. ventricosa individuals are above the
mentioned permitted level. This species is also the most predominant
represented species exceeding the 10 µg g−1 wwt limit of CFS-HONG
KONG, followed by O. mimus with 6 individuals exceeding the limit
(Fig. 2A). For crustaceans, 30% of the individuals exceeded MRL1 and
only 1 individual of R. setosum (89.4 µg g−1 wwt) when the 76 µg g−1
wwt of FDA is used for comparison. The same numbers (~ 10 ind.) of R.
setosum and H. chilensis were found above the MRL1 of CFS-HONG
KONG (Fig. 2B).
Cd concentrations (µg g−1 wwt) in muscle or edible tissue were
compared with MRLs for human consumption from values reported by
EU/SANIPES, FDA and WHO/FAO. In this case, groups were divided
into molluscan shellﬁsh, crustaceans and cephalopods with the fol-
lowing MRLs: MRL1: 1, MRL2: 4 for molluscan shellﬁsh; MRL1: 0.5,
MRL2: 3 for crustaceans, and MRL1: 1, MRL2: 2 for cephalopods. B.
ventricosa, Cymatium sp. and A. purpuratus are classiﬁed in the mol-
luscan shellﬁsh group, while R. setosum and H. chilensis belong to the
crustacean group, and O. mimus being the only cephalopod, in the
Fig. 2. Arsenic and cadmium concentrations (µg g−1wwt) in muscle of six shellﬁsh species compared to the maximum residue levels (MRLs) for human consumption
for (A) molluscan shellﬁsh and (B) crustaceans for As (MRL1 ( ):CFS-HONG KONG and MRL2 ( ): FDA), and for (C) molluscan shellﬁsh and (D) crustaceans (MRL1
( ): EU/SANIPES and MRL2 ( ):FDA), and (E) cephalopod for Cd (MRL1 ( ): EU/SANIPES and MRL2 ( ): WHO/FAO). Edible tissue (adductor muscle + gonad)
was only considered for A. purpuratus.
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cephalopod group (Fig. 2C, D, E). Around 10% of the molluscs were
above the EU/SANIPES MRL1, the majority were B. ventricosa in-
dividuals but two of the edible tissues (adductor muscle + gonad) of A.
purpuratus also exceeded MRL1. When MRL2 of the FDA (4 µg g−1 wwt)
was considered, only one individual of B. ventricosa was higher
(5.43 µg g−1 wwt) than that limit (Fig. 2C). For crustaceans, a higher
percentage exceeding the Cd MRLs was found, up to 40% of individuals
exhibited concentrations above the EU/SANIPES MRL1, dominated by
the species H. chilensis. Considering a MRL of 3 µg g−1 wwt. (FDA), only
two individuals of H. chilensis showed higher concentrations (3.45 and
4.79 µg g−1 wwt.) than the permitted levels (Fig. 2D). The cephalopod
O. mimus did not exhibit Cd concentrations that exceeded the MRLs, all
concentrations were about 60 and 30-fold less (by average) than the
MRLs: 1 (EU/SANIPES) and 2 (WHO/FAO) µg g−1 wwt, respectively
(Fig. 2E).
Overall, Cr, Ni, Cu, Zn and Pb in muscle exhibited concentrations
(µg g−1 wwt) below the MRLs considered in this study. They remained
2–9000-fold lower than the respective MRLs, with the exception of Cr
concentrations (µg g−1 wwt) in 13 individuals of R. setosum and H.
chilensis which exceeded the MRL1 of 1 µg g−1 wwt (CFS-HONG KONG),
and one R. setosum individual that exceeded the MRL2 of 12 µg g−1 wwt
(FDA). Mn and Fe levels in muscle were not compared to permitted
levels due to the lack of MRLs (unpublished results).
Edible molluscan shellﬁsh were also evaluated for As, Cd and Pb at
the Eastern Adriatic coast, and apparently no health risk was de-
termined (Bogdanović et al., 2014). A similar range of concentrations
was found for Cd and Pb compared to this study. For As, our edible
shellﬁsh exhibited concentrations up to 101 µg g−1 wwt compared to
tissue levels from 1.42 to 9.58 µg g−1 wwt. in the Eastern Adriatic coast,
but this is mainly caused by the high concentrations in snails and crabs.
In case only pectinidae species such as A. purpuratus and Chlamys varia
are compared, a similar trend was found for all metals. A preliminary
study on A. purpuratus in diﬀerent cultures from Sechura Bay in 2010
(Loaiza et al., 2015) also demonstrated similar concentrations (µg g−1
wwt.), with 0.28–0.55 for Cd, and 0.06–0.42 for Pb in edible tissue
(adductor muscle + gonad). In that study, all concentrations were
below the MRLs in contrast to our previous results that showed two
samples of A. purpuratus that exceeded the MRLs. The scallop Pecten
jacobaeus and other ﬁve shellﬁsh from the Adriatic sea (Bilandžić et al.,
2015), showed concentrations of trace metals (As, Cd, Pb, Cu and Zn)
that were also similar to our study.
As for other pectinidae species, Nodipecten nodosus farmed in tro-
pical bays was studied for the trace metals Zn, Fe, Cu, Mn, Cd and Pb in
Brazil, and the Pectinidae species seemed unsafe for human consump-
tion due to some metal levels (e.g. Cr) exceeding the permitted levels
(Lino et al., 2016). Our A. purpuratus exhibited up to ~ 12-fold higher
Fe concentrations than N. nodosus, but the opposite was true for Mn,
with up to 60-fold lower concentrations. Nevertheless, similar con-
centrations was observed for Zn, Cu, Cd and Pb in both species. Eur-
opean Pecten species such as Comptopallium radula, A. opercularis, C.
varia, Pecten maximus and Chlamys islandica have been studied in recent
years, and their edible tissue (adductor muscle + gonad) concentra-
tions (dwt. and wwt.) were on average about 8.5 (Mn), 3.0 (Cu), 3.7
(Zn), 3.5 (As) and 4.8 (Pb)-fold higher than our A. purpuratus (Bach
et al., 2014; Bustamante and Miramand, 2004, 2005a, 2005b; Julshamn
et al., 2008; Metian et al., 2008b; Saavedra et al., 2017). Loaiza et al.
(2015) concluded that the Peruvian scallop A. purpuratus is a safe
product for consumption. Nevertheless, Cd exhibited a similar pattern
for all Pectenidae species mentioned, Fe was two times higher in A.
purpuratus, and Pb showed high variations among species.
Metal concentrations in potential predators of A. purpuratus such as
B. ventricosa, Cymatium sp., H. chilensis, R. setosum and O. mimus were
also compared to diﬀerent literature. Chinese snail species exhibited
considerably higher concentrations (µg/g dwt) of all evaluated metals
(e.g. up to 116-fold more Mn) than our two snail species, with the only
exception being Cr in B. ventricosa which exhibited similar
concentration of ~ 3.5 µg g−1 dwt. (average). Sea snails such as Patella
sp. and Tympanotonus fuscatus also showed similar values, for Cu, Cd
and Zn (Jakimska et al., 2011). Crabs showed more variability, Char-
ybdis sp. had more elevated concentrations for Mn, Cu, and Pb, while
for Ni and Zn, and Cr and Cd they showed lower concentrations than H.
chilensis and R. setosum. In most cases, the consumption of Chinese
mollusks (incl. the snail L. brevicula) could pose a health risk for the
consumers, but not for the crab Charybdis sp. (Gao et al., 2016). The
crabs H. chilensis and R. setosum in our study exhibited considerably
higher As concentrations (6–116 times higher) than those in Penaeus
kerathurus, Penaeus mondon, Metapenaeus monoceros and Metapenaeus
ensis, and in some cases (30–40%) the crabs were not safe for con-
sumption (Diop et al., 2016; Han et al., 1998; Zhao et al., 2016).
In the same study, the octopus species Benthoctopus thielei and
Graneledone sp. exhibited burdens (µg/g dwt) of 3.00 and 15.0 for Cu,
0.21 and 0.37 for Cd and 138 and 113 for Zn, respectively (Jakimska
et al., 2011). For Cd, these levels were similar to the average con-
centration (µg/g dwt) in the present study namely 0.29 for Cd in O.
mimus, but for Cu and Zn, that study showed discrepancy with our O.
mimus concentrations of 24.0 µg g−1 dwt and 78.6 µg g−1 dwt, respec-
tively. Cd, Cu and Zn concentrations of Octopus vulgaris from Tunisian
coastal regions (Rjeibi et al., 2015) were in accordance to concentra-
tions (µg g−1 wwt.) in O. mimus from this study. Concentrations ex-
hibited the following means: 0.03 (Cd), 3.29 (Cu), 14.2 (Zn) µg/g wwt.
in arms, and in according to O. mimus concentrations (µg/g wwt.) of
0.04 (Cd), 3.60 (Cu), 11.6 (Zn). O. vulgaris and O. mimus were both
analyzed in arms as edible tissue, therefore a most suitable comparison
could be applied in this case. It is worth noting that both species did not
exhibited concentrations (average) that exceeded the MRLs for human
consumption.
3.1. Risk assessment
EDI (µg/kg/day) and weekly intakes (µg/week) were calculated to
be compared to the prescribed Provisional Tolerance Weekly Intakes
(PTWIs) in order to determine a possible adverse health eﬀect caused
by metal. For inorganic As, the highest weekly intake was about
987 µg/week from B. ventricosa, and this value was 78% from the PTWI
inorganic-As limit. The lowest % was found for O. mimus with a weekly
intake of less than 0.1% of the prescribed limit. On the other hand, Cd
weekly intakes (µg/week) exhibited values higher than the PTWI limits
of 150 µg/week, two values (MAL) of B. ventricosa from IRZ1 and IRZ2
were about 304 and 529 µg/week, respectively, while others varied in
relative (%) range of 0.05–92.2% PTWI (see Supplementary material).
Bogdanović et al. (2014) found EDI of 0.047 and 0.097 µg/kg/day
for Cd, for average and maximally exposed consumers, respectively.
This is in accordance with our 0.067 µg/kg/day Cd EDI (average) of the
six studied shellﬁsh. For inorganic As, our estimations are the same
when is compared to maximally exposed consumers, ~ 0.14 µg/kg/day.
However, the EDI is lower (2-fold less) when average consumption is
considered in their calculations. Bogdanović et al. (2014) did not con-
sidered BW in EDI inorganic-As calculations, but it was considered for a
proper comparison with this study. In a Brazilian study, N. nodosus
showed a similar pattern for EDIs as A. purpuratus with the only ex-
ception of Mn, which was about ~20 times higher in N. nodosus, and
could be explained by the 60-fold lower concentration in Mn when A.
purpuratus is compared to N. nodosus (Lino et al., 2016). A. purpuratus
was also studied by using risk indices in 2010 (Loaiza et al., 2015), EDIs
were in a range of 0.073–0.101 for Cd and 0.043–0.063 for Pb from all
cultures, while this study found 0.041–0.248 for Cd and 0.004–0.148
for Pb. In fact, those values are comparable but with more variability in
the latter study. It is noteworthy to mention that the previous study in
2010 only evaluated one culture area (southern Bay), while this study
involves SL and NL in Sechura Bay, and the location front of IRZ.
Bilandžić et al. (2015) also estimated EDI in scallops and other shellﬁsh
species, EDI of As, Cd, Pb, Cu and Zn for P. jacobaeus were very similar
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than A. purpuratus EDIs, with the exception of inorganic As and Pb,
which were around 14 and 6-fold higher in P. jacobaeus, respectively.
Crustacean Charybdis sp. and Oratosquilla oratoria from Huladao
City, China exhibited EDIs that were much higher than our values for R.
setosum and H. chilensis (Gao et al., 2016). It is noteworthy to mention
that these authors considered ingestion rates of 55 g/d for Charybdis sp.
and O. oratoria while we considered 2.8 g/d for our study. BWa was
considered in the same way (60 kg) in both studies (Hulodao City and
Sechura City). EDIs for Cd, Cu and Zn were also calculated in O. vulgaris,
which were 4, 3 and 116 times higher than in O. mimus in this study.
The applied ingestion rates were 33 and 0.8 g/d for O. vulgaris and O.
mimus, respectively, it partially explains the high variation between
studies (Rjeibi et al., 2015).
% PTWI was calculated by using the weekly intakes (EDI x 7).
Bilandžić et al. (2015) found contributions (%) of 26.3 (As), 54.4 (Cd),
till 7.03 (Cu) and 1.53 (Zn) for P. jacobaeus, while in this study % PTWI
were lower and around 2.07 (As), 31.0 (Cd), 0.07 (Cu) and 1.18 (Zn) for
A. purpuratus. Concentrations (µg/g wwt) between these scallops were
similar (e.g. ~ 1.90 for As, 0.50 for Cd, 1.40 for Cu and 17.0 For Zn) as
mentioned before, however the meal size or daily ingestion (20 g/d)
used for the calculations by Bilandžić et al. (2015) is much higher than
the Peruvian ingestion rates of 13.9 g/d for mollusks. It explains the
diﬀerences between the %PTWIs. Pb could not be compared due to the
discrepancy by using PTWI prescribed values between studies. Percent
of PTWI were also estimated for Cd in O. vulgaris, values of 1.37%,
1.44% and 6.23% for Bizerre, Monastir and Sfax – along the Tunisian
coast were found, which were ~ 8.90, 9.50, 40.9-fold higher than our
estimated 0.15% in O. mimus (Rjeibi et al., 2015). Yap et al. (2016)
could estimate %PTWI for Pb in marine bivalve Perna viridis by using
the prescribed PTWIs (0.63, 1.50 and 0.50 μg/kg b.w. per day) as
considered in this study. P. viridis was evaluated on the east coast of
Peninsular Malaysia, which exhibited contributions of 86.1%, 36.2%
and 108%, which diﬀer considerably from our values (1–5% PTWI) in
A. purpuratus. Loaiza et al. (2015) found Cd and Pb contributions (%
PTWI) in concordance with the present study.
By using the PTWI as a risk index, calculations were performed in
order to determine the amount of muscle or edible tissue to reach the
PTWI limit. This precautionary approach was calculated by using MIL,
AVL and MAL in all species per location and period. Among locations
and by using As and Cd in PTWI calculations, A. purpuratus did not
exhibit considerably variations among locations in terms of amount of
edible tissue allowed to be consumed, as well as the species Cymatium
sp. and H. chilensis. On the other hand, B. ventricosa from IRZ can be
always consumed in lower amounts than those from SL and NL, and
even in up to 10-fold lower quantities compared to B. ventricosa from SL
in the low-raining period. O. mimus (♂) exhibited the same trend with
around 2-fold lower allowable consumption rates at IRZ compared to
SL. An opposite trend was found for R. setosum (♂) from IRZ, which can
be consumed in 2–8 times larger quantities than those belonging to SL.
(Figs. 3 and 4). It seems that R. setosum is less polluted in IRZ, and that
SL exhibited more individuals that exceeded (As concentrations up to
~ 90 µg g−1 wwt) the MRLs (Fig. 2).
By using both As and Cd in the analysis, the species that can be
consumed in the lowest amounts is B. ventricosa from IRZ. The max-
imum amount of muscle or edible tissue that can be consumed is no
more than 0.02 and 0.03 kg for women and men per week, respectively,
in the most precautionary scenario. B. ventricosa from IRZ did not ex-
hibit considerably variations between seasons (Figs. 3 and 4). Based on
Cd PTWI, H. chilensis (♂) from IRZ also exhibited the same trend with
0.03 and 0.04 kg for women and men, respectively (Fig. 4A2). For in-
organic As, animals from SL exhibited the highest diﬀerence in amount
of muscle that can be consumed after the high-raining period in B.
ventricosa using the MAL, which was 3.6-fold lower during the high-
raining period compared to the low-raining period (see Fig. 3B1 and
B2). A same trend was found for B. ventricosa and H. chilensis (♀) when
Cd is used in calculations. O. mimus (♂) (IRZ), A. purpuratus (SL) and
Cymatium sp. (NL) also showed high decreases in amount of edible
tissue that can be consumed after the high-raining period (by using MIL
of Cd) (Fig. 4). Overall, since both metals are present at the same time
at all locations, the risk analysis should consider both metals. Therefore,
B. ventricosa and H. chilensis from the IRZ are the species that can be
consumed in the lowest quantities, and B. ventricosa, H. chilensis (♀), A
purpuratus (SL), O mimus ♂ (IRZ) and Cymatium sp. (NL) decrease in
amount of edible tissue that can be consumed after the high-raining
period (March).
A study in France concluded that no more than 300 (Château
d′Oléron) and 800 (Ré Island) g of scallop C. varia can be consumed by
a person of 65 kg per week (Miramand et al., 2002), which is com-
parable to our average results of 300 (for women) and 420 (for men) g
per week. However, as precautionary approach (by using MAL of Cd),
we would advise a maximum consumption of 117 (women) and 164
(men) g/week for A. purpuratus. Bach et al. (2014) estimated the
number of scallops C. islandica that can be ingested without Cd risk to
be 45 (women) and 72 (men) per week. When using relationship be-
tween size and edible tissue weight (n=509), and the maximum
amount allowed to consume of A. purpuratus (g/week average) to reach
the PTWI for Cd, we advise similar numbers of 49 (women) and 68
(men). However, a lower PTWI of 2.5 μg/kg/bw was considered for A.
purpuratus, while 7.0 μg/kg/bw was used for C. islandica. C. radula was
also evaluated for Cd, As, Cu, Fe and Zn in Maa Bay and Sainte Marie
Bay – France (Metian et al., 2008b). As seemed to be the limiting ele-
ment posing a risk for C. radula consumption, and the numbers of
scallops that can be eaten before reaching the PTWI were 27 (women)
and 44 (men). For our A. purpuratus this is clearly not the case: by using
the maximum amount allowed to reach PTWI inorganic As (4000
(women) and 5600 (men) g per week), 655 (women) and 919 (men) A.
purpuratus could be consumed, which are 24 and 20-fold much higher
than those for C. radula.
Based on TR and THQ and by using MIN, AVL and MAL, a high
possibility of risk was found for inorganic As. TR in all species per lo-
cation and period exceeded the threshold of 0.000001 as shown in
Table 2. The maximum TR by using MAL was ~3500-fold higher than
the TR threshold for B. ventricosa from IRZ, either during the low or
high-raining period. B. ventricosa also exhibited the highest TR per lo-
cation, and was around 10 times higher when IRZ is compared to SL
during the low-raining period. Over time, the B. ventricosa (MAL) and R.
setosum (MIL) from SL high-raining period had a 3.6 and 2.8-fold higher
TR than those from low-raining period. During the high-raining period,
B. ventricosa, O. mimus and Cymatium sp. showed the highest TR dif-
ferences between locations. B. ventricosa and O. mimus from IRZ showed
a 4.7 and 2.9 times higher TR than the individuals from SL, based on
AVL and MAL, respectively. Based on MAL for Cymatium sp., we found
that SL individual exhibited a 3.2-fold higher TR than those at NL. TRs
were also used as risk index by Bogdanović et al. (2014), and shellﬁsh
from the Adriatic Sea exhibited up to 5.1× 10−7 TR of inorganic As
which is below the reference threshold (1×10−6), unlike our As TRs
(average) of 2.1× 10−4. Crustaceans such as P. monodon and M.
monoceros were grouped as shrimps for TR estimations, which were up
to 61.8 and 49.4-fold lower than our TR-limit exceeding values for the
crustaceans R. setosum and H. chilensis, respectively (Han et al., 1998).
THQs calculated by using Cd levels showed the opposite trend than
the TRs for inorganic As, and when using MAL the THQ exceeded the
threshold of 1 in B. ventricosa from IRZ during the high-raining period
(see Table 2). Despite that exception, a range of about 0.02–72.5% from
the Cd THQ-threshold of 1 was found in all species from all locations
and periods. Between locations, individuals of B. ventricosa and O.
mimus from IRZ exhibited about 8.4 (low-raining period) and 4.8 times
(high-raining period) higher THQ for Cd than individuals from the SL,
by using MAL. Per period, SL from the high-raining period exhibited the
highest THQs which were about 6.1-fold higher for R. setosum, and 2.4-
fold higher for H. chilensis and B. ventricosa in comparison to those at
the low-raining period.
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Croatian shellﬁsh species showed up to 2.9 and 12.8-fold much
higher THQ than our averages for Cd and Pb (Bogdanović et al., 2014;
Gao et al., 2016; Rjeibi et al., 2015), respectively, while the Chinese
crustaceans Charybdis sp. and O. oratoria showed up to 1098-fold higher
THQs when were compared to our THQs in crabs R. setosum and H.
chilensis. O. vulgaris showed a similar pattern, Cd THQ estimated values
were about 18–110 times higher than those of O. mimus (~ 0.001) from
Sechura Bay and front IRZ. In all cases, the ingestion rates (IRs) con-
sidered in these studies are considerably higher compared to the Per-
uvian daily ingestions (as mentioned before). It seems that Peruvian
seafood consumption is extremely lower than consumption in countries
such as Croatia, China and Tunisia. Gao et al. (2016) considered up to
55 g/d for seafood consumption for adults, while Rjeibi et al. (2015)
reported 33 g/d for cephalopod consumption, this is substantially dif-
ferent than the FAO estimations of 13.9 g/d for mollusks, 2.8 g/d for
crustaceans and 0.8 g/d for cephalopods for the Peruvian population
(FAO, 2016). These diﬀerences in IRs explain part of the dissimilarities
and higher THQs in Croatia, China and Tunisia compared to the Per-
uvian locations.
Loaiza et al. (2015) calculated THQs for A. purpuratus in a previous
study, and results are in disagreement with our values, about 600-fold
lower and 2-fold higher for Cd and Pb, respectively when both studies
are compared. This can be explained by diﬀerences in the considered
ingestion rates, 11.7 g/d in the previous study, while in this study it was
13.9 g/d, as well as the diﬀerences between EDtot (30 yrs vs. 70 yrs).
However, THQ values of Cd and Pb were always below the threshold of
1 for this species. P. mondon and M. monoceros in Taipei City, China
were also studied for THQs of Cu, Zn and Cd, and values were in the
same range as our results for crabs (Han et al., 1998).
According to the PTWIs of the other evaluated metals such as Fe, Cu,
Ni, Zn and Pb, the % of the weekly intake (µg/week) did not exhibited a
risk, with values in a range of 0.002–29.587% of the PTWI limits es-
tablished by JEFCA (2011). Therefore, the amount of edible tissue to be
consumed per week in order to reach the PTWI was high, with an
average of ~ 81.3 kg/week. However, there was an exception for Ni and
Pb which limits the consumption of B. ventricosa (IRZ) and A. purpuratus
(SL and NL) to 0.36 and 0.27 kg/week, respectively in the most pre-
cautionary scenario (by using MAL). It is worth noting that PTWI was
not calculated for Cr(VI) and Mn due to the absence of PTWI’ in-
formation in literature and JEFCA. TRs was also estimated by using
average concentrations of Cr (VI), Ni and Pb showing that many species
(O. mimus, R. setosum, H. chilensis, B. ventricosa, see Supplementary
material) exceeded the threshold of 1×10−6. For Cr (VI) and Ni all
species exceeded TR-threshold during the low-raining period, while
around half during the high-raining period. Therefore a cancer could
occur by consumption of these species which present these metals. For
Fig. 3. Amount of shellﬁsh muscle allowed to be consumed by women ♀ (50 kg) and men ♂ (70 kg) in order to reach the PTWI by using minimum (MIL), average
(AVL) and maximum (MAL) levels of inorganic As in muscle (inc. edible tissue: adductor muscle+ gonad for A. purpuratus) from the southern (SL) and northern (NL)
location at Sechura Bay and front Illescas Reserved Zone (IRZ), during the low (IRZ1, SL1, NL1) and high-raining (IRZ2, SL2, NL2) period.
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Pb, no carcinogenic eﬀects could be posed due to all TRs were below
1×10−6. Based on THQ, no health risk for consumption is expected
due to values< 1 and from 2.4 to 122 973.8-fold lower than the
threshold of 1 for Cr(VI), Mn, Fe, Cu, Ni, Zn and Pb (see Supplementary
material).
HIs of average metal levels did not exceed the threshold of 1 for any
of the species during any location and at any sampling period (see
Fig. 5). Only when individual values were used, B. ventricosa from low-
raining period at IRZ exhibited a higher value of 1.34 (unpublished
result). For A. purpuratus, higher HI values were found after the high-
raining period (March), about 1.4–1.7-fold more elevated than those at
the January (low-raining period). No spatial diﬀerences were observed
for HI between A. purpuratus individuals from the three locations. In A.
purpuratus’ predators, B. ventricosa (IRZ) exhibited the highest increased
HI value comparing the low-and high-raining period, 1.4 order of
magnitude higher after high-raining period. IRZ also contained the
maximum HI of 0.52 in B. ventricosa during march (high-raining period)
which was ~ 3.5-fold higher than at the other locations SL and NL. O.
mimus and H. chilensis from IRZ showed around 1.5-fold higher HI
compared to those from SL (see Fig. 5). It is noteworthy to mention that
is diﬃcult to compare HIs between diﬀerent studies due to the
considered metals and n (HI=∑= THQi 0
n i) which diﬀer according to
each study aim.
As previously described, locations SL, NL and IRZ have been af-
fected by diﬀerent anthropogenic activities which explains the elevated
metal concentrations, as well as the estimated risk indices in the six
shellﬁsh species. Overall, and unexpectedly, the location front the
Illescas Reserved Zone seems to be more aﬀected by metal pollution.
Metal concentrations and integrated risk indices reveal that species
such as B. ventricosa and O. mimus are more polluted in IRZ, and thus
risk indices are closer to or exceeded the limit or threshold for As and
Cd. The southeast part of Sechura Bay, including the beginning of
Illescas Reserved Zone has a lot of traﬃc and industrial activities. It is
worth to emphasize that the Reserved Zone of Illescas is mainly on land
including part of the intertidal area (MINAM, 2010), therefore an-
thropogenic activities at sea are currently ongoing, and industrial ac-
tivities such as a phosphates factory, the Norperuano oil pipeline, oil
platforms, ﬁshery factories, artisanal ports and the industrial JPQ port
are present and nearby the IRZ (IMARPE, 2007; Loaiza et al., 2015).
Likewise, intensive scallop mariculture and important local ﬁsherman
activities are daily operating in front of IRZ.
Seasonal variations such as low-and-high raining periods were
Fig. 4. Amount of shellﬁsh muscle allowed to be consumed by women ♀ (50 kg) and men ♂ (70 kg) in order to reach the PTWI by using minimum (MIL), average
(AVL) and maximum (MAL) levels of Cd in muscle (inc. edible tissue: adductor muscle+ gonad for A. purpuratus) from the southern (SL) and northern (NL) location
at Sechura Bay and front Illescas Reserved Zone (IRZ), during the low (IRZ1, SL1, NL1) and high-raining (IRZ2, SL2, NL2) period.
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considered in this study. In general, the variation among periods was
diﬀerent between species and dependent on the sampling location.
Based on risk indices (e.g. PTWI, TR, THQ) for As and Cd, in most cases
SL exhibited the most considerably variation: with a lower amount of
shellﬁsh muscle to be consumed per person, and higher TR, THQ and HI
during the high-raining period, which indicates the eﬀects of river
discharges in higher metal availability and accumulation (Diop et al.,
2016; Forrest et al., 2007; Kehrig et al., 2013; Mendo et al., 2016). SL is
characterised by the inﬂuence of major fresh and brackish water input
along the coast of Peru, i.e. at the mouth of the Virrila Estuary in the
southern part of Sechura Bay (INRENA, 2005). Although ENSO 2016
did not come with abnormal and more intense rains in northern Peru,
the normal high-raining period (March) inﬂuenced the organisms’ ac-
cumulation and metal availability in SL. IRZ and NL have less inﬂuences
from fresh or brackish water environments, this is reﬂected by the lack
of temporal variations observed in some species, mainly in B. ventricosa
individuals from IRZ (for PTWIs).
4. Conclusions
Based on metal concentrations and risk indices, this study on po-
tential health risk for human consumption of edible seafood from the
northern coast of Peru reveals that around 20% and 30% of molluscs
and crustaceans exceeded at least one of the MRLs for inorganic As,
while 10% and 40% for exceeded a MRL Cd. Other metals such as Cr,
Ni, Cu, Zn and Pb exhibited generally concentrations below the MRLs.
THQs were mainly< 1 for Cr (VI), Mn, Fe, Cu, Ni, Zn, Cd and Pb im-
plying no human health risk. However, in B. ventricosa, that value was
exceeded for Cd. Therefore, Cd is considered as limiting metal and only
23 g/week can be consumed before a potential health risk could occur.
On the other hand, A. purpuratus can be consumed with a maximum of
117 g/week. TR for inorganic As were always higher than the threshold
of 1× 10−6 while for Cr(VI) and Ni, TRs also exceeded the threshold in
most of the studied species, therefore a cancer risk is posed. HI did not
exceed the threshold of 1 for any of the species. Therefore, when
Table 2
Target cancer risk (TR) and target hazard quotient (THQ) by consuming shellﬁsh with minimum (MIL), average (AVL) and maximum (MAL) levels of As-inorganic
and Cd in muscle (inc. edible tissue for A. purpuratus) from the southern and northern location at Sechura Bay and front Illescas Reserved Zone.
As-inorganic Cd
Target cancer risk (TR) Target hazard quotient (THQ)
Area Especie Tissue January March January March
(low-raining period) (high-raining period) (low-raining period) (high-raining period)
IRZ O.mimus muscle MIL 0.000007 0.000005 0.000235 0.000314
AVL 0.000019 0.000015 0.000533 0.000733
MAL 0.000039 0.000051 0.001012 0.002261
R. setosum muscle MIL 0.000030 0.000490
AVL 0.000055 0.001235
MAL 0.000116 0.003711
H. chilensis muscle MIL 0.000020 0.004903
AVL 0.000077 0.067799
MAL 0.000178 0.225119
B. ventricosa muscle MIL 0.001138 0.000515 0.147646 0.151617
AVL 0.002407 0.002284 0.329187 0.453393
MAL 0.003523 0.003421 0.724536 1.260033
Cymatium sp. muscle MIL 0.000059 0.038893
AVL 0.000115 0.046711
MAL 0.000227 0.060475
A. purpuratus edible tissue* MIL 0.000064 0.000048 0.040855 0.018841
AVL 0.000069 0.000055 0.069294 0.090483
MAL 0.000078 0.000060 0.088934 0.152399
SL O.mimus muscle MIL 0.000004 0.000196
AVL 0.000011 0.000348
MAL 0.000018 0.000475
R. setosum muscle MIL 0.000016 0.000046 0.001251 0.007667
AVL 0.000090 0.000063 0.004744 0.011105
MAL 0.000630 0.000076 0.018233 0.017215
H. chilensis muscle MIL 0.000026 0.000027 0.011249 0.015681
AVL 0.000042 0.000052 0.021098 0.039545
MAL 0.000076 0.000068 0.033579 0.079427
B. ventricosa muscle MIL 0.000134 0.000186 0.042027 0.046448
AVL 0.000244 0.000486 0.064986 0.092440
MAL 0.000357 0.001284 0.086247 0.204380
Cymatium sp. muscle MIL 0.000081 0.019963
AVL 0.000171 0.035159
MAL 0.000328 0.069484
A. purpuratus edible tissue* MIL 0.000040 0.000047 0.088054 0.065499
AVL 0.000059 0.000056 0.111902 0.153109
MAL 0.000070 0.000070 0.133638 0.247622
NL B. ventricosa muscle MIL 0.000660 0.000231 0.087692 0.030425
AVL 0.001252 0.000417 0.148605 0.096822
MAL 0.002195 0.000603 0.251327 0.182841
Cymatium sp. muscle MIL 0.000045 0.000061 0.010804 0.026742
AVL 0.000052 0.000085 0.020858 0.041926
MAL 0.000069 0.000103 0.046182 0.057456
A. purpuratus edible tissue* MIL 0.000045 0.000030 0.083347 0.044982
AVL 0.000057 0.000072 0.116402 0.114704
MAL 0.000066 0.000076 0.159342 0.188431
* Edible tissue is considered as adductor muscle+ gonad in A. purpuratus. TR and THQ that exceed the target cancer risk (0.000001) and the target hazard
quotient (1) threshold are printed in bold.
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excluding the TR, most of the species are safe for consumption. Only the
TR integrated risk index alters that conclusion due to the high cancer
risk for inorganic-As, Cr(VI) and Ni eﬀects. Spatial and seasonal var-
iations were diﬀerent between species and more dependent on sam-
pling location, SL seems to be more aﬀected by the raining periods,
while IRZ exhibited the high presence of metals based on organisms’
accumulation.
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